Abstract: Nanodiamonds are known to improve tribological performance when added to lubricants, but their impact on additives that may already be present in the lubricant is poorly documented. Here, we report on a study of their effects on thermal reaction films formed from tricresyl phosphate (TCP) on Fe substrates immersed in a dibasic ester basestock when blended with TCP. Thermal reaction film formation temperatures were recorded in-situ by monitoring the reaction film formation on both Fe and air baked Fe surfaces using a quartz crystal microbalance (QCM). The nanodiamonds were found to raise the thermal reaction film formation temperature by 18 • C, possibly by raising the activation energy for the reaction, but they were not observed to affect the thickness or rate of formation of the films. The nanodiamonds, moreover, were observed to trigger thermal reaction film formation on air baked Fe surfaces that otherwise were highly resistance to reaction film formation. The surface morphology, roughness, and thickness of the thermal reaction films, as measured by atomic force microscopy (AFM), are reported as well as their chemical compositions, as studied with Electron Dispersive X-ray Spectroscopy (EDS). The coefficients of friction measured on the thermal reaction films during dry solid-solid contact are also reported.
Introduction
Organophosphorus compounds are commonly used as anti-wear additives in automotive and aviation lubrication systems [1] [2] [3] . Anti-wear additives have vital importance under extreme pressure (EP) conditions where the oil film between contacting surfaces is not sufficiently thick to prevent direct contact between the surface asperities. In such conditions, ideal additives form robust anti-wear films that adhere strongly to the surfaces and also withstand higher temperatures, particularly in aviation engines that operate at higher temperatures and higher speeds [4, 5] . Phosphate esters and (metal) thiophosphate esters have been used as lubricant additives for more than 50 years in both the automotive and aviation industries. Phosphate esters, such as tricresyl phosphate (TCP), tributyl phosphate (TBP), triphenyl phosphate (TPP), etc., were initially used for aviation engines. Despite the health concerns that they pose [6, 7] , their use has expanded, and they are presently employed in a wide range of applications, including automotive engines [1] .
Although environmental and health concerns place limitations on the amount of phosphorus in lubricants, the additives are expected to be utilized well into the future. Indeed, one common requirement for many systems is that newly developed lubricant additives must be compatible with
Materials and Methods
Diisodecyl Adipate (Sigma-Aldrich Co. LLC, St. Louis, MO, USA) was used as the base oil. The TCP (Sigma-Aldrich Co. LLC) was of a technical grade and was a mixture of isomers. One-inch diameter, 5 MHz, AT-cut QCMs with liquid-facing surface electrodes comprised of Fe (INFICON Inc., East Syracuse, NY, USA, P/N 149252-1) were employed for QCM measurements. These Fe-coated QCMs consisted of 800 nm Fe films deposited onto 60 nm Cr adhesion layers deposited onto the QCM surfaces. The air baked Fe samples were obtained by heating the Fe-coated QCMs in air. Nanodiamonds with 30 nm diameters dispersed in oil at a concentration of 1 wt % were obtained from Adamas Nanotechnologies. The nanodiamond dispersion was diluted to the desired concentration in the base oil and then used for further measurements.
The QCM measurement techniques employed here have been previously described in great detail [19, 21] . The QCM crystals were housed in a custom made holder and then immersed in oil containing either TCP or a TCP-nanodiamond blend. The holder was then mounted within a temperature-controlled chamber and heated from room temperature to~240 • C over 2 h. Data were collected using a QCM100 (Stanford Research Systems, Sunnyvale, CA, USA) system, comprised of an electronic oscillator and a controller [22] . The frequency and conductance of the crystal were measured by a frequency counter (HP 53181A Frequency Counter, Palo Alto, CA, USA) and a multimeter (TEKTRONIX, INC., Beaverton, OR, USA, Keithley 2000 Series), respectively. The frequency shifts of the QCM provided information on film uptake, liquid viscosity, and film stress. Conductance measurements provided information on dissipative losses associated with the drag forces of the surrounding liquid and/or losses within the reaction film itself. A second multimeter measured the resistance of an RTD attached to the holder. A LabVIEW program (National Instrument, Austin, TX, USA, LabVIEW 7.1) recorded the frequency and conductance of the QCM and resistance of the RTD at 5 s intervals. The conductance, initially measured in volts, was converted to the motional resistance of the QCM using the relationship, R = 10 (4−V/5) − 75 [22] , where V is the conductance in volts and R is the motional resistance of QCM in Ohms. The RTD resistance was converted to temperature by employing the Callendar-Van Dusen equation [23] .
To correct the data for the temperature effects, the crystal was first heated in air to obtain the temperature dependence of the frequency and the motional resistance response. The crystal was then held at 225 • C for 2 h, allowing the iron to oxidize, and is referred to as the "baked Fe" sample herein. Both the "baked Fe" samples and fresh (unheated) samples of Fe were employed for the TCP thermal reaction film monitoring studies. Since bare metal surfaces always have a few layers of chemisorbed oxide, a native oxide was presumed to be present on the unheated Fe samples. Thermal reaction film formation temperatures were recorded in-situ by monitoring the reaction film formation on the Fe and "baked Fe" by immersing the QCM samples in the basestock with 5% TCP in the absence or presence of 0.1 wt % nanodiamonds and then heating them from room temperature to~240 • C. QCM responses were then corrected for temperature effects to isolate the effects of oil and thermal reaction films (if formed).
After the QCM measurements, the crystals were cleaned with iso-propanol to remove excess oil from the surface. The surface morphology, roughness, and thickness of the thermal reaction films were then studied with an AFM (MFP 3D, Asylum Research, an Oxford Instruments Company, Santa Barbara, CA, USA). Silicon tips were used to image the surfaces in tapping mode. Images with 512 × 512 pixels were recorded with a speed of 1 line per second. The scan sizes ranged from 2 to 6 µm. Their roughness Lubricants 2018, 6, 56 4 of 14 was characterized by the root mean square (rms) roughness value, σ = ∑{h(x i ,y i )−h} 2 n−1 1 2 , and also, the average roughness value, R a = ∑|h(x i ,y i )−h| n , which provide a measure of the magnitude of variation between the surface height profiles. Surface roughness was also characterized by a third parameter, the self-affine fractal roughness exponent H, which reflects the nature of the texture of surface irregularities on the surfaces. For a self-affine surface, H is related to σ and scan size (L) as σ ∝ L H . It can be obtained from the slope of a linear fit of log(σ) vs log(L) plot for the scan sizes below the saturation length [24] . The fractal dimension, D = 3 − H, for the QCM surface electrodes before and after the TCP uptake were calculated after estimating the values of H for the respective surfaces.
A surface with D = 2 is a perfect 2D surface, while a D value higher than 2 indicates surfaces with more texture that deviate from a 2D plane. The thicknesses of the thermal reaction films were measured by calculating the differences in AFM height profiles measured across the film-surface boundary after etching the thermal reaction film with 0.3 M oxalic acid (Sigma-Aldrich Co. LLC.). The chemical compositions of the thermal reaction films were studied with EDS (JSM-6010LA Analytical Scanning Electron Microscope, JEOL USA Inc., Peabody, MA, USA). The measurements were performed with a 20 kV acceleration voltage, a 10 mm working distance, and with 100× magnification. The contact angles of the base oil on the QCM electrode surfaces before and after the TCP uptake were measured using the drop shape analysis technique [25] . As mentioned earlier, the thermal reaction films formed on the QCM substrates could not be employed for a rigorous tribo-testing procedure because of the fragility of the quartz substrates. Therefore, the coefficients of sliding friction at the dry solid-solid contact between the thermal reaction film and 304 stainless-steel ball bearings were measured by a conventional Pasco laboratory instrument (Pasco Scientific, Roseville, CA, USA). Seven stainless-steels balls of 5/32 diameter were glued onto a weight (in hexagonal close packed configuration). The weight was then placed on the surface electrode of a QCM glued on a platform, as shown in the Figure 1 . The weight was then pulled by another weight with a lightweight cord tied to it while measuring the force continuously until a constant lowest possible relative speed was maintained between the QCM surface and the sliding weight. The coefficient of sliding friction was then furnished from the applied force and the normal force. also characterized by a third parameter, the self-affine fractal roughness exponent H, which reflects the nature of the texture of surface irregularities on the surfaces. For a self-affine surface, H is related to σ and scan size (L) as σ ∝ L H . It can be obtained from the slope of a linear fit of log(σ) vs log(L) plot for the scan sizes below the saturation length [24] . The fractal dimension, D = 3 − H, for the QCM surface electrodes before and after the TCP uptake were calculated after estimating the values of H for the respective surfaces. A surface with D = 2 is a perfect 2D surface, while a D value higher than 2 indicates surfaces with more texture that deviate from a 2D plane. The thicknesses of the thermal reaction films were measured by calculating the differences in AFM height profiles measured across the film-surface boundary after etching the thermal reaction film with 0.3 M oxalic acid (SigmaAldrich Co. LLC.). The chemical compositions of the thermal reaction films were studied with EDS (JSM-6010LA Analytical Scanning Electron Microscope, JEOL USA Inc., Peabody, MA, USA). The measurements were performed with a 20 kV acceleration voltage, a 10 mm working distance, and with 100× magnification. The contact angles of the base oil on the QCM electrode surfaces before and after the TCP uptake were measured using the drop shape analysis technique [25] . As mentioned earlier, the thermal reaction films formed on the QCM substrates could not be employed for a rigorous tribo-testing procedure because of the fragility of the quartz substrates. Therefore, the coefficients of sliding friction at the dry solid-solid contact between the thermal reaction film and 304 stainless-steel ball bearings were measured by a conventional Pasco laboratory instrument (Pasco Scientific, Roseville, CA, USA). Seven stainless-steels balls of 5/32′ diameter were glued onto a weight (in hexagonal close packed configuration). The weight was then placed on the surface electrode of a QCM glued on a platform, as shown in the Figure 1 . The weight was then pulled by another weight with a lightweight cord tied to it while measuring the force continuously until a constant lowest possible relative speed was maintained between the QCM surface and the sliding weight. The coefficient of sliding friction was then furnished from the applied force and the normal force. 
Results
The results are presented in five sub-sections. In the first section, the in-situ QCM measurements on Fe and baked Fe electrodes immersed in 5% TCP in basestock in the absence and presence of 0.1 wt % nanodiamonds are presented, showing the associated features that are indicative of the formation of thermal reaction films. All of the QCM measurements depicted represent the average response from 2-4 measurements, and very little difference was observed from one run to another. The changes in QCM frequency (δf) and motional resistance (δR) reported were measured with respect to their corresponding initial values in air at room temperature. The AFM measurements of film topology and contact angle measurements are presented in Section 3.2, while the film thickness measurements are reported in Section 3.3. EDS measurements of chemical composition of the thermal reaction films are presented in Section 3.4, followed by a report of the friction measurements in Section 3.5. 
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The results are presented in five sub-sections. In the first section, the in-situ QCM measurements on Fe and baked Fe electrodes immersed in 5% TCP in basestock in the absence and presence of 0.1 wt % nanodiamonds are presented, showing the associated features that are indicative of the formation of thermal reaction films. All of the QCM measurements depicted represent the average response from 2-4 measurements, and very little difference was observed from one run to another. The changes in QCM frequency (δf ) and motional resistance (δR) reported were measured with respect to their corresponding initial values in air at room temperature. The AFM measurements of film topology and contact angle measurements are presented in Section 3.2, while the film thickness measurements are Lubricants 2018, 6, 56 5 of 14 reported in Section 3.3. EDS measurements of chemical composition of the thermal reaction films are presented in Section 3.4, followed by a report of the friction measurements in Section 3.5.
QCM Measurements
The f and R responses of QCMs with Fe surfaces for room temperature to 240 • C in basestock with 5% TCP and with and without 0.1% nanodiamond are shown in Figure 2a ,b, respectively. The QCM responses for both conditions (below the reaction film formation temperatures) followed the trend for the liquid loading with variations in f and R with temperature being primarily due to the temperature dependent viscosity and density of the oil. As reported earlier [19] , the sharp increases in δf and δR observed at 210 • C for the 5% TCP on Fe are attributable to the formation of a TCP thermal reaction film on the Fe surface electrode on the QCM. This feature was, however, shifted to a higher temperature of 228 • for the TCP + nanodiamond blend. Optical images of the QCMs revealed that the thermal reaction film is distributed homogeneously over the entire surface in the absence of nanodiamonds, while in the presence of nanodiamonds, it exhibits inhomogeneity which is attributable to an inhomogeneous distribution of nanodiamonds imbedded within the film.
The f and R responses of QCMs with baked Fe surfaces are shown in Figure 3a ,b, respectively. The QCM responses for baked Fe in the absence of nanodiamonds exhibited a similar trend for the liquid loading with variations in f and R with temperature associated with the temperature dependent viscosity and density of the oil. No characteristic feature was observed in the absence of nanodiamonds: As we have previously reported, thermal reaction films do not readily form on the thick oxide layer formed by baking the Fe sample in air. However, in the presence of nanodiamonds, the feature associated with the formation of a TCP thermal reaction film was observed at 228 • C. Changes in frequency and motional resistance were also observed in the presence of nanodiamonds, starting at around 190 • C. The optical images of the QCM for the absence of nanodiamonds showed some discoloration but no film on the surface, while for the presence of nanodiamonds, the film appeared visually similar to that on the Fe surface, as shown in Figure 2 .
The f and R responses of QCMs with Fe surfaces for room temperature to 240 °C in basestock with 5% TCP and with and without 0.1% nanodiamond are shown in Figures 2a,b , respectively. The QCM responses for both conditions (below the reaction film formation temperatures) followed the trend for the liquid loading with variations in f and R with temperature being primarily due to the temperature dependent viscosity and density of the oil. As reported earlier [19] , the sharp increases in δf and δR observed at 210 °C for the 5% TCP on Fe are attributable to the formation of a TCP thermal reaction film on the Fe surface electrode on the QCM. This feature was, however, shifted to a higher temperature of 228° for the TCP + nanodiamond blend. Optical images of the QCMs revealed that the thermal reaction film is distributed homogeneously over the entire surface in the absence of nanodiamonds, while in the presence of nanodiamonds, it exhibits inhomogeneity which is attributable to an inhomogeneous distribution of nanodiamonds imbedded within the film.
The f and R responses of QCMs with baked Fe surfaces are shown in Figures 3a,b , respectively. The QCM responses for baked Fe in the absence of nanodiamonds exhibited a similar trend for the liquid loading with variations in f and R with temperature associated with the temperature dependent viscosity and density of the oil. No characteristic feature was observed in the absence of nanodiamonds: As we have previously reported, thermal reaction films do not readily form on the thick oxide layer formed by baking the Fe sample in air. However, in the presence of nanodiamonds, the feature associated with the formation of a TCP thermal reaction film was observed at 228 °C . Changes in frequency and motional resistance were also observed in the presence of nanodiamonds, starting at around 190 °C . The optical images of the QCM for the absence of nanodiamonds showed some discoloration but no film on the surface, while for the presence of nanodiamonds, the film appeared visually similar to that on the Fe surface, as shown in Figure 2 . Figure 4 shows the Fe and baked Fe surfaces after the TCP uptake in the absence and presence of nanodiamonds. The baked Fe surface without the nanodiamonds showed no film on it, and the surface appeared similar to that before the TCP uptake (see reference [19] ). The other three film forming surfaces showed similar morphologies. The films formed in the presence of nanodiamonds were expected to show the presence of nanodiamonds on their surfaces; however, we could not confirm this from the AFM measurements on these films. It is plausible that the nanodiamonds were not present on the top of the film to interact with the AFM probe. The values of σ, R a , D, and the contact angles between the base oil and the various surfaces are shown in Figure 5 . The thermal reaction films for the three film forming systems were observed to have similar roughnesses (σ or R a ) with values smaller than those of the corresponding surfaces before the film formation. The values of D for the thermal reaction films formed in the presence of nanodiamonds were significantly higher, implying a slightly more jagged surface texure for these films relative to the others. Despite a significant change in texture, the presence of nanodiamonds in the oil did not increase the magnitude of either σ or R a for the films, and, as will be described in a later section, the nanodiamonds were not observed to be protruding above the top of the films. The contact angle for the thermal film formed on the Fe surface was slightly lower when nanodiamonds were present which is potentially beneficial. No such comparison could be made for the thermal films formed on the baked Fe substrates, since the films did not form on them in the absence of ND. 
AFM Surface Morphology, Roughness, and Contact Angle Measurements
of either σ or Ra for the films, and, as will be described in a later section, the nanodiamonds were not observed to be protruding above the top of the films. The contact angle for the thermal film formed on the Fe surface was slightly lower when nanodiamonds were present which is potentially beneficial. No such comparison could be made for the thermal films formed on the baked Fe substrates, since the films did not form on them in the absence of ND.
Measurement of Film Thickness
We measured the film thickness ex-situ by etching through the thermal reaction films with a p ipped in oxalic acid and then measuring their thicknesses at the film-surface boundaries with AFM 
We measured the film thickness ex-situ by etching through the thermal reaction films with a pin dipped in oxalic acid and then measuring their thicknesses at the film-surface boundaries with AFM. Oxalic acid is particularly effective for such measurements as it has minimal impact on the Fe substrate underneath the film. We have previously reported that the thickness of the thermal reaction film on Fe surface in the absence of nanodiamonds can be observed in the range of 60-80 nm, and during the measurement, we noted that the thermal reaction films on Fe surfaces were readily removed from the surfaces with oxalic acid [19] . However, a similar protocol was not applicable for the thermal reaction films formed on Fe surfaces in the presence of nanodiamonds, because these films were relatively stronger. The acid etching could only remove the top layer from this relatively stiffer film, so an additional mechanical force from the pin was required to remove the film completely. Figure 6 shows the groove formed on the thermal reaction film by the pin. On either side of the groove, the top layer from the thermal reaction film was etched away which fortuitously uncovered the nanodiamonds embedded into the film. The expanded view of the selected section of thermal reaction film revealed many small, circular protrusions with diameters in the range of 20-50 nm and heights of up to 20 nm (ibw format file of the AFM image is available in the Supplementary Material). These were the nanodiamonds that were embedded into the thermal reaction film formed in the presence of nanodiamonds. Since these nanodiamonds partially protruded out of the etched film, it was estimated that, at minimum, a 20 nm thick top layer film must have been etched away. The measured height profiles across the groove showed that the depth of the groove was in the range of 45-60 nm. Therefore, the total thickness of the thermal reaction film ranged from 65 to 80 nm. This film thickness for the thermal reaction film formed on Fe surfaces in the presence of nanodiamonds was same as the thickness of the film formed in the absence of nanodiamonds. This revealed that the thickness and the average rate of formation of the thermal reaction film (estimated to be about 2.3 nm/min [19] ) was unaffected by the presence of nanodiamonds, though the nanodiamonds were found to be embedded into the film, making the film stiffer, as gauged by the QCM response data. The estimated quantity of nanodiamonds in the film, based on Figure 6c , was 9.7 × 10 19 particles/m 3 , which is about five times higher than the concentration of 1.8 × 10 19 particles/m 3 in the original solution. This is not unexpected given that the total volume of the TCP + ND blend used in the experiments was about 5 mL, and the distribution of nanodiamonds in the film was inhomogeneous which may have resulted in the five-fold increase in concentration of some sections within the film. 
EDS Measurements of Film Chemical Compositions
The chemical compositions of the Fe and baked Fe surfaces heated in base oil or in 5% TCP in base oil in the presence and absence of nanodiamonds obtained by the EDS are shown in Table 1 . We 
The chemical compositions of the Fe and baked Fe surfaces heated in base oil or in 5% TCP in base oil in the presence and absence of nanodiamonds obtained by the EDS are shown in Table 1 . We note that the Cr metal used as an adhesive layer between the quartz disc and the Fe sensing electrodes was also present in the EDS measurements as well as silicon attributable to the quartz substrates. This is to be expected, given the penetration depth of the 20 kV accelerating voltage employed for the measurements. Figure 7 is a graphical representation of the selective elements (P, O and C) from Table 1 . The thermal reaction films formed on the Fe (with and without nanodiamonds) and baked Fe (with nanodiamonds) revealed the presence of phosphorus, whereas the surfaces with no reaction films had no phosphorus content. The TCP thermal reaction films have been reported in prior literature [3, 19, 26] to comprise inorganic phosphates, consistent with the increase in P and O content but not the significant increase in C content. With the presence of nanodiamonds, the thermal reaction films on both the Fe and baked Fe surfaces had significantly higher levels of C compared to films without nanodiamonds. This increase in C is attributed to the nanodiamonds being embedded into the thermal reaction films. The O content of the film formed on the baked Fe surfaces weres much higher than the films formed on the Fe surfaces. This is consistent with the fact that the formation of the thermal reaction film on the baked Fe surfaces in the presence of nanodiamonds followed a different mechanism path, as discussed later in the discussion section. Table 1 .
Measurement of Friction Coefficient
The coefficients of friction during dry solid-solid contact between various substrates or thermal reaction films and stainless-steel balls are shown in Figure 8 . The coefficient of friction for the thermal 
The coefficients of friction during dry solid-solid contact between various substrates or thermal reaction films and stainless-steel balls are shown in Figure 8 . The coefficient of friction for the thermal reaction film on Fe without nanodiamonds had the lowest value; however, the presence of nanodiamonds increased it to a slightly higher value. This result is consistent with the observed contact angles for these thermal reaction films. On the other hand, the coefficient of friction measured for the thermal reaction film on baked Fe in the presence of nanodiamonds was not observed to have similar values to the films formed on Fe surfaces. This is notable because all of the thermal reaction films were expected to have a similar coefficient of friction on the basis of the roughness and contact angle measurements. However, during the friction measurements, we observed that the thermal reaction film formed on baked Fe surfaces in the presence of nanodiamonds was not very durable. The film was scratched off rather easily, exposing the substrate underneath it, and the surface was seen to have wear marks, even after a couple of measurement trials. For this reason, the coefficient of friction for this surface may have remained higher compared to the those for the baked Fe surfaces without the film. For comparison, the optical images of the thermal reaction films formed on the Fe and baked Fe surfaces in the presence of nanodiamonds after the friction measurements are shown in Figure 8 . The thermal reaction film on the Fe surface was observed to have excellent durability with no visible marks, while the thermal reaction film on the baked Fe surface seemed to wear off and have scar marks over its entire surface. 
Discussion
The nanodiamonds were observed to influence the formation of TCP thermal reaction films on both Fe and baked Fe surfaces. It is important to identify whether or not these effects are favorable. Figure 9 shows the QCM responses of all film-forming systems presented in Figures 2 and 3 . TCP was observed to form a thermal reaction film on baked Fe surfaces in the presence of nanodiamonds which otherwise did not form the film. This is a notable characteristic of nanodiamonds. The changes in f and R in the presence of nanodiamonds observed on baked Fe starting at 190 °C suggested the adsorption of mass onto the surface. This is likely to be due to the nanodiamonds either making their way to the inner layers of the oxide film or causing wear to the oxide layers, thus allowing the TCP molecules to absorb into the inner layers of the oxide surface. This mechanism is conceivable since the oscillation of QCM at a frequency of 5 MHz would produce a maximum oscillating surface speed in the order of 10 cm/s, and nanodiamonds have been reported to have these characteristics under such conditions [27] . The TCP molecules making their way to the Fe through the oxide layers then 
The nanodiamonds were observed to influence the formation of TCP thermal reaction films on both Fe and baked Fe surfaces. It is important to identify whether or not these effects are favorable. Figure 9 shows the QCM responses of all film-forming systems presented in Figures 2 and 3 . TCP was observed to form a thermal reaction film on baked Fe surfaces in the presence of nanodiamonds which otherwise did not form the film. This is a notable characteristic of nanodiamonds. The changes in f and R in the presence of nanodiamonds observed on baked Fe starting at 190 • C suggested the adsorption of mass onto the surface. This is likely to be due to the nanodiamonds either making their way to the inner layers of the oxide film or causing wear to the oxide layers, thus allowing the TCP molecules to absorb into the inner layers of the oxide surface. This mechanism is conceivable since the oscillation of QCM at a frequency of 5 MHz would produce a maximum oscillating surface speed in the order of 10 cm/s, and nanodiamonds have been reported to have these characteristics under such conditions [27] . The TCP molecules making their way to the Fe through the oxide layers then formed a thermal reaction film on the surface when the activation energy reached a temperature of 228 • C. This thermal reaction film was expected to have a higher oxygen content which was, indeed, observed during the EDS measurements. In the presence of nanodiamonds, the formation of the thermal reaction films was observed on both Fe and baked Fe surfaces at the same temperature of 228 • C (within the experimental error) which is higher by 18 • C than that observed on Fe surfaces in the absence of nanodiamonds. This result is not unexpected, because it was anticipated that the nanodiamonds would raise the activation energy in such reactions. The increase in activation energy is not, however, highly disadvantageous, as the observed increase in reaction temperature was modest and readily achievable in actual applications.
adsorption of mass onto the surface. This is likely to be due to the nanodiamonds either making their way to the inner layers of the oxide film or causing wear to the oxide layers, thus allowing the TCP molecules to absorb into the inner layers of the oxide surface. This mechanism is conceivable since the oscillation of QCM at a frequency of 5 MHz would produce a maximum oscillating surface speed in the order of 10 cm/s, and nanodiamonds have been reported to have these characteristics under such conditions [27] . The TCP molecules making their way to the Fe through the oxide layers then formed a thermal reaction film on the surface when the activation energy reached a temperature of 228 °C . This thermal reaction film was expected to have a higher oxygen content which was, indeed, observed during the EDS measurements. In the presence of nanodiamonds, the formation of the thermal reaction films was observed on both Fe and baked Fe surfaces at the same temperature of 228 °C (within the experimental error) which is higher by 18 °C than that observed on Fe surfaces in the absence of nanodiamonds. This result is not unexpected, because it was anticipated that the nanodiamonds would raise the activation energy in such reactions. The increase in activation energy is not, however, highly disadvantageous, as the observed increase in reaction temperature was modest and readily achievable in actual applications. The change in motional resistance observed for formation of the thermal reaction film is associated with changes in the QCM's dissipative properties, such as a change in the slip condition at the solid-liquid boundary, an increase in energy dissipation within the viscoelastic film on the QCM's surface, a change in surface roughness, etc. The observed shift in R was not in the direction expected from the smoother films and/or surfaces with higher contact angle values (c.a. Figure 5 ) [20, 28] . Therefore, the higher increase in R during the film formation on Fe surfaces in the absence of nanodiamonds suggested that this film is relatively softer or more viscous compared to the films formed in the presence of nanodiamonds [29] . This implies that the films formed in the presence of nanodiamonds are more rigid which is to be expected if the nanodiamonds are embedded into the film, as they are potentially capable of exhibiting more outward stress.
The increase in frequency observed during the formation of thermal reaction films is in fact consistent with stress developing within the film. The rigidly-bonded thermal reaction film on the surface acts to stretch the surface and causes stress on the crystal. The positive f shift for the AT-cut quartz indicates that the tensile stress was isotropic and outward. The average stresses on the crystal and the thermal reaction film on the Fe surface in the absence of nanodiamonds (corresponding to the associated δf ≈ 5 kHz) have been reported to be T Q ≈ 40 MPa and T f ≈ 200 GPa, respectively [19] . The value of this internal stress for the thermal reaction film is in the same order of the effective modulus as the TCP tribofilms, and the stress on the crystal is in the same order as the shear modulus of quartz [3] . However, the frequency shifts associated with the film formation in the presence of nanodiamonds were significantly higher compared to the film formed in the absence of nanodiamonds (c.a. Figure 9 ). These higher frequency shifts are consistent with the idea that increased stress is present when nanodiamonds are present in the film. The average stresses on the crystals and the thermal reaction films formed on the Fe and baked Fe surfaces in the presence of nanodiamonds (corresponding to the associated δf > 10 kHz) would be higher than their corresponding elastic moduli. These stresses greatly inhibit the ability of the crystal to oscillate. During the measurements, the crystals indeed stopped oscillating about 2-3 min after the film formation in the presence of nanodiamonds. The δf and δR data shown in Figure 3 , Figure 4 , and Figure 9 for both surfaces in the presence of nanodiamonds were recorded until the crystals oscillated after the film was formed. It is expected that the δf would have increased further until it plateaued once the reaction was nearly exhausted, as seen in the case of the Fe surfaces without nanodiamonds. These steeply increasing values of δf in the presence of nanodiamonds meanwhile confirmed that although these nanodiamonds increase the thermal reaction film formation temperature by raising the activation energy, the reaction rate may not necessarily be slower, as the reaction for the phosphate esters, being exothermic, readily provides the required activation energy to continue the reaction once it is initiated [15, 16] .
The films formed in the presence of nanodiamonds were observed to be stiffer and exhibited higher levels of internal stress. The internal stress of the reaction films is an integral part of their performance, since it counteracts external load forces, thus enhancing the load-bearing capacity of the substrate [30] . The nanodiamonds also changed the texture of the thermal reaction films (c.a. Figure 5c ) while increasing their wettability with the lubricant (c.a. Figure 5d ). These effects are beneficial, especially in extreme pressure conditions, whence the lubricants can easily be squeezed out from the contact at the surfaces with lower wettability, lowering the resistance to scuffing [31, 32] .
The thermal reaction film on the baked Fe surfaces in dry conditions in an ambient environment was observed not to have the signature characteristics of a typical anti-wear film. One plausible reason for this could be that the film formed on baked Fe surfaces with a different mechanism and has a higher oxygen content, as observed in the EDS measurements. The higher amount of oxygen probably has an effect on the strength of the film during dry contact, because the oxygen can absorb the moisture/humidity from the ambient air rather easily and deteriorate the film strength [33] . A thorough investigation is necessary to confirm this suggestion and also, to find other probable causes. While the nanodiamonds did not favor the dry contact on the baked Fe surfaces, it might be beneficial in other situations, especially under mixed lubrication on surfaces with higher oxide contents. Having the film is always more beneficial than having a bare surface. In real applications, in oil environments, the nanodiamonds would be able to perform the special role of enabling film formation and replenishing it continuously from the fresh supply of oil while the tribo-pairs are in action. The rate of film formation, however, must not be exceeded by the wear rate [34] .
Conclusions
The impacts of nanodiamonds on the reaction activity and performance of a phosphate ester additive, tricresyl phosphate, were studied. In summary, the effects of nanodiamonds were observed to be synergistic with the TCP. The nanodiamonds enabled the formation of a reaction film on baked Fe which otherwise did not form the reaction film. They were observed to be embedded into the film and made the film stiffer, and, as indicated by the QCM data, the films with nanodiamonds were observed to have higher levels of internal stress. The internal stress on the reaction films themselves counteracts the forces of external loads, thereby enhancing the load-bearing capacity of the substrate [30] . For the Fe surfaces, reaction films with nanodiamonds were observed to be more durable. These observations reveal that the nanodiamonds constructively blend with TCP, resulting in more robust thermal reaction films. While the nanodiamonds delayed the formation of thermal reaction film by a modest amount, the rate of formation and the thickness of the thermal reaction film exhibited few effects. The tribo-films at the rubbing contacts were formed at lower temperatures than the temperature of the formation of the thermal reaction. Under such conditions, the activation energy is attained by several mechanisms, including flash point temperatures at contacts, tribo-emission processes and stress-promoted thermal activation, etc. [35] The effects of nanodiamonds on tribo-film formation by phosphate ester additives could be readily studied, and a rigorous tribo-testing procedure under EP conditions could be performed. The observations of the present study provide evidence that the nanodiamonds are likely to have similar synergistic effects on these mechanisms during the formation of the tribo-films and their tribological properties, and it also provides valuable information for numerical studies. Funding: This research was funded by the US National Science Foundation grant number DMR1535082.
